HMG FUNCTIONAL MOTIFS
The orderly progression of most DNA-related activities such as transcription, replication, recombination, and repair involves changes in the structure of the DNA and in the organization of the chromatin fiber. Some of these structural changes are facilitated by a family of ubiquitous and abundant nonhistone nuclear proteins known as the high-mobility-group (HMG) proteins. In the narrowest traditional sense, the HMG protein family consists of six proteins and is subdivided into three subfamilies: the HMG-1/-2 subfamily, the HMG-I/Y subfamily and the HMG-14/-17 subfamily. These three HMG subfamilies are similar in several physical characteristics (detailed reviews on these proteins are found in references 10, 12, 14, 28, and 54); however, each of the subfamilies has a unique protein signature and a characteristic functional sequence motif. These functional sequence motifs are the main site of interaction between the HMG proteins and the DNA or chromatin targets. The HMG-1 domain (often referred to as the HMG-1 box) is the functional motif of the largest HMG subfamily, the HMG-1/-2 proteins; the AT hook is the functional motif of the HMG-I/Y group, and the nucleosomal binding domain is the functional motif of the HMG-14/-17 subfamily. Significantly, all of these functional motifs bind to specific structures in DNA or in chromatin, with little if any specificity for the target DNA sequence. All the HMG proteins are considered to function as architectural elements that modify the structure of DNA and chromatin to generate a conformation that facilitates and enhances various DNA-dependent activities.
The functional motifs characteristic of the HMG-1 (8, 10, 45, 61, 63) and HMG-I/Y (3, 51) subfamilies have been identified in numerous nuclear proteins that interact with DNA and chromatin. However, it is important to clearly distinguish the archetypal, or canonical, HMG proteins from the proteins containing these HMG motifs embedded in their primary sequence. The former are ubiquitous in all the cells of higher eukaryotes, are relatively abundant, and bind to DNA in a sequence-independent fashion, while the latter are cell-type specific, are not abundant, bind to DNA in a sequence-specific fashion, and frequently contain additional, distinct non-HMG functional motifs.
In considering the biological importance of the HMG motifs, it is important to take into account their relative abundance in the nucleus. The cellular levels of HMG fluctuate; however, on the average, the amount of HMG-1/-2 in a cell is about 10-fold lower than that of a histone, the amount of HMG-14/-17 is 10-fold-lower than that of HMG-1/-2, and the amount of HMG-I/Y is 10-fold lower than that of HMG-14/-17 (54) . The amount of HMG-14/-17 in the average cell, about 10 5 molecules, is sufficient to bind to 1% of the nucleosomes, i.e., to approximately 100,000 nucleosomes. Thus, even small fluctuations in the cellular levels of these abundant proteins may have significant biological consequences, since the expression of certain genes can be affected by structural changes in a single nucleosome (118, 119) .
STRUCTURE AND BINDING TARGETS OF HMG MOTIFS
Each HMG functional motif has distinct, identifiable features and induces characteristic changes in the structure of its binding target.
The HMG-1 domain binds to and bends the minor groove of the DNA. The HMG-1 domain consists of approximately 80 amino acids and has a characteristic, twisted, L-shaped fold formed by three ␣-helical segments (10, 87, 112) . Homology model building experiments suggest that the overall structure of the domain is conserved to a greater extent than that indicated by amino acid sequence homology comparison (7) . The HMG-1 domain binds the DNA exclusively through the minor groove (69, 113) . A wedge of hydrophobic amino acids protruding from the concave surface of the protein partially intercalates between the DNA bases, expanding the minor groove, thereby significantly unwinding and bending the DNA (Fig.  1A) . The various HMG-1 domains, including those found in the archetypal HMG-1/-2 proteins, produce specific changes in the structure of the target DNA. The amino acid sequence in the helical regions of the L-shaped HMG-1 domain provides specificity in DNA binding, while the type of intercalating amino acids and the angle of the L-shaped fold affect the degree to which the DNA is unwound and bent. The interactions between the HMG-1 domain and its target are highly specific and affected by single point mutations (29, 40, 69, 70, 98, 113, 117 ; see references 10 and 14 for additional references). A particularly striking example is the SRY protein, in which single point mutations in the HMG-1 domain disrupt the development of the male phenotype (83, 84, 113) . Additional factors that determine the binding specificity of this motif are the amino acid sequences adjacent to the HMG-1 domain (68) and the number of the domains in a protein (44) .
The ability of the HMG-1 domain to induce site-specific DNA deformations is an important aspect of its biological function (see below). An additional fundamental property is the ability of this domain to recognize and bind to altered DNA conformations, such as stem-loops, four-way junctions, and specifically kinked or underwound DNA (see references 10 and 14 for references). This type of binding has been considered to be biologically significant; however, recent results suggest that in the nucleus, under physiological conditions, these interactions do not occur to a significant degree (81, 82) .
The AT hook tethers proteins to and unbends the minor groove of the DNA. The AT hook motif is a positively charged The DNA and histones in the core particles are shown as ribbon traces (71) . The solid white symbols in the two major grooves flanking the dyad axis and approximately 25 bp from the end of the DNA indicate the regions where HMG-14/-17 proteins protect the DNA from hydroxyl radical cleavage. The open white symbols represent the approximate location of the cross-links between the N terminus and C terminus of the HMG. The red arrow points to the amino-terminal region of histone H3. Histones H2B and H3 are represented by red and blue ribbons, respectively. Panels A and B were generated by David Landsman using GRASP software (76); panel C is reproduced from reference 105. The coordinates of the structures in panels A to C are available in the protein data bank at Brookhaven National Laboratory (PDB) under 2EZE, 1LEF, and 1AOI, respectively. stretch of 9 amino acids containing the invariant tripeptide GlyArgPro (GRP), usually flanked by arginine residues (89) . Pattern analysis of the amino acid residues flanking the conserved GRP tripeptide indicates that the AT hook motifs can be further subdivided into three classes; these bind to their DNA targets with varying affinities but with very little specificity for the DNA sequence (3, 51) . The AT hook binds to the DNA through the minor groove with the optimal DNA binding site centered at the sequence AA(T/A)T (3, 72) . The AT hook has a narrow DNA recognition surface which is devoid of hydrophobic amino acids and does not significantly distort the B-form DNA structure (Fig. 1B) . In fact, detailed studies on the interaction of HMG-I protein with the beta interferon (IFN-␤) enhancer sequence suggest that the AT hook could reverse and prevent intrinsic distortions in DNA conformation (31, 51, 123) . These structural changes facilitate the binding of additional transcription factors to the enhancer region (31, 51, 123) . In the archetypal HMG-I/Y and the closely related HMGI-C (43), the regions outside the AT hook motifs also contribute to DNA binding (35) . The specificity of these regions is further increased by posttranslational modifications, some of which are cell cycle regulated (88, 92) . The archetypal AT hook proteins contain three copies of this motif; however, numerous nuclear proteins contain this motif in either single or multiple copies (3) . These AT hook proteins frequently contain other known functional domains, such as histone folds, zinc fingers, and homeodomains. These regions and the distance between adjacent AT hooks affect the DNA sequence specificity of the proteins (35, 51, 123) . The AT hook motifs themselves may serve to tether these proteins to the minor grooves of their binding sites and induce conformational changes that promote their cellular function.
The nucleosomal binding domain anchors HMG-14 and HMG-17 proteins to nucleosomes. The third functional HMG motif, the nucleosomal binding domain, has been identified in the canonical HMG-14/-17 proteins, in a set of proteins found in trout tissues (24, 54) , and in the tissue-specific thyroid hormone receptor interactor Trip7 (64) . HMG-14 and HMG-17 are archetypal HMG proteins in that they are relatively abundant and found in the nuclei of all higher eukaryotes. They are the only nuclear proteins known to specifically recognize the generic structure of the 146-bp nucleosome core, i.e., the building block of the chromatin fiber (14) . The two proteins bind to nucleosomes cooperatively and form complexes containing either two molecules of HMG-14 or two molecules of HMG-17 but not complexes containing one molecule of each protein (86) . As shown in Fig. 1C , the major sites of interaction between these proteins and the nucleosomal core DNA are located 25 bp from the end of the DNA and in the two major grooves flanking the nucleosomal dyad axis (2) . The nucleosomal binding domain motif is a positively charged stretch of approximately 30 amino acids with a bipartite structure: the amino-terminal region is extremely conserved and enriched in arginine residues, while the carboxy-terminal region is highly enriched in lysine and proline residues (14) . This domain serves as the primary site of interaction between the HMG-14/-17 proteins and the nucleosome core. The nucleosomal footprint of the isolated nucleosomal binding domain is very similar to that of the entire HMG molecule; however, neither the structure of the free domain nor that of the nucleosome-bound domain is known. The binding of HMG-14/-17 may induce specific changes in the conformation of the nucleosome core particle (86); it is not known whether these changes can also be induced by the isolated nucleosomal binding domain. Although the target of HMG-14/-17 is the nucleosome, the main function of these proteins is to change the architecture of the higher-order chromatin structure (see below). These changes are mediated through the C-terminal region of the proteins (26, 106) . The nucleosomal binding domain anchors these HMG proteins to the nucleosome cores to facilitate HMG-14/-17-dependent changes in chromatin structure.
BIOLOGICAL FUNCTION AND MECHANISM OF ACTION
The unifying functional theme of the HMG motifs is their ability to modify the structure of their target site and induce structural changes that facilitate the progression of a wide range of DNA-dependent activities. The structural alterations induced by the HMG motifs embedded in sequence-specific proteins affect only the function of their target genes. In contrast, the archetypal HMGs have multiple targets and coregulate many types of DNA-binding activities through both specific and nonspecific sequence manipulation of DNA structure. What is the mechanism whereby these evolutionarily conserved proteins, which bind to their target in a sequence-independent manner, regulate a wide array of activities?
Multiple modes of sequence recognition and DNA bending by the HMG-1 domain. A common theme unifying the mechanism of action of the archetypal, non-sequence-specific HMG-1/-2 proteins and the sequence specific HMG-1 domain proteins is that all use a protein module necessary for sequence-specific DNA recognition and a module involved in DNA bending. The HMG-1 domain proteins recognize their targets in a sequence-specific fashion. The broad-range effects of the archetypal HMG-1/-2 proteins could be explained if it is assumed that these proteins have multiple modes of action and can function as independent units that are mobilized by sequence-specific proteins to induce a conformational change at a specific locus. As indicated in Fig. 2 , the binding of an HMG-1 domain to its target can be arbitrarily divided into three major steps. In step 1 a protein targets a DNA region, in step 2 the protein binds to that region, and in step 3 the formation of a complex containing bent DNA, a DNA recognition module, and a DNA-bending protein module occurs. The conformational changes in the structure of the DNA induced by these proteins (represented by step 3 in all the schemes) juxtapose distantly bound proteins and facilitate the assembly of multiprotein complexes.
A close parallel between the binding of a sequence-specific HMG-1 domain protein and the archetypal HMG-1/-2 protein becomes obvious when comparing Fig. 2A and B. In Fig. 2A , the DNA recognition module is covalently linked to or is part of the HMG-1 domain. This scheme depicts the binding of the sequence-specific HMG-1 domain proteins such as LEF-1 (lymphoid enhancer factor 1), (69) , SRY (113) , and more than 100 sequence-specific DNA-binding proteins containing the HMG-1 domain motifs. In Fig. 2B , the archetypal HMG-1/-2 proteins combine with a sequence-specific protein (i.e., DNA recognition module) prior to the interaction with DNA. The binary complex formed by the association of a DNA recognition module with a DNA-bending module can induce a conformational change at a specific locus (Fig. 2B, step 3) , much like the sequence-specific HMG-1 domain proteins. These types of functional interactions have been shown for the POU domain of Oct 1 and Oct 2 (130), for HOXD9 (125) , for the human TATA-binding protein (36, 97) , and for the adenoassociated virus replication protein (19) . In a variation of this scheme, a binary complex of HMG-2 and the splice variant SP100B is recruited by a homologue of the heterochromatin protein HP1 to induce transcriptional silencing (66) . In fact, the schemes in Fig. 2A and B are even more similar than the figure implies, since even the sequence-specific HMG-1 domain proteins are sometimes targeted to their binding sites by forming binary or ternary complexes with other proteins (55) .
Alternatively, either the HMG-1 domain (Fig. 2C) or a sequence-specific protein (Fig. 2D) could first bind to the target DNA independently and facilitate the subsequent binding of the complementary module. The first two steps of the scheme in Fig. 2C represent the binding of the canonical HMG-1 proteins to distorted DNA conformations, such as four-way junctions or cis-platinum-modified DNA (see references 10 and 14 for references). It is not clear whether these interactions occur under physiological conditions (81); however, if they do, they may have significant biological effects. Indirectly, these interactions could affect the binding of sequence-specific HMG-1 domain proteins, such as SRY, LEF-1, or UBF (59) . These proteins are classed as sequence specific; however, they also bind with relatively high affinity, in a sequence-independent manner, to any bent or distorted DNA (33, 41, 45) . The abundant canonical HMG-1/-2 protein competes for these sites, thereby increasing the effective cellular concentration of the sequence-specific HMG-1 domain proteins. In addition, the structural alteration induced by the binding of HMG-1/-2 proteins to distorted DNA could be necessary for the subsequent binding of additional factors, as in the case of the NS1 endonuclease involved in the rolling-circle-type DNA replication of parvoviruses (20) or in the HMG-1-mediated stimulation of the binding of the estrogen receptor to its response element, which occurs only when HMG-1 is preincubated with the DNA probe (109) .
Conversely, as illustrated in Fig. 2D , the binding of a sequence-specific element to its target may facilitate the subsequent binding of the archetypal HMG-1 protein, as was shown for the effect of HMG-2 on basal transcription (96) or the effect of HMG-1/-2 on the binding of steroid receptors to target DNA (11) . Presumably, the HMG-1/-2 proteins are recruited into the complex both by receptor-mediated bending of the target DNA and by protein-protein interactions. A similar situation could account for the effect of HMG-1/-2 on the RAG-1-and RAG-2-dependent V(D)J cleavage (91, 108) . HMG-1 and HMG-2 stimulate V(D)J cleavage on templates in which the binding sites for RAG-1 and RAG-2 are separated by 23 bp but have no effect on templates in which the two binding sites are separated by only 12 bp. Presumably, by mediating bending of the longer template, HMG-1 promotes contact between the two RAG proteins and the assembly of a complex active in DNA cleavage and recombination. It is highly significant that HMG-1 affects V(D)J recombination not only on naked DNA but also at the level of individual, specific nucleosomes (60) .
Often, the details of the mechanism whereby HMG-1/-2 proteins stimulate the activities of DNA-binding proteins are not fully understood, as in the case of the HMG-1-mediated activation of p53 (53) which could occur by any or even a combination of the mechanisms illustrated in Fig. 2B to D . A complicating factor in these studies is the difficulty of directly demonstrating the formation of a ternary complex containing HMG-1/-2, a regulatory protein, and a target DNA sequence (53, 78, 108, 109, 125, 130) . Most likely, many of the interactions are weak and the HMG-1/-2 proteins can be easily lost from the complex (illustrated by step 4 in Fig. 2) .
The multiple pathways whereby HMG-1/-2 proteins can cause distortions in DNA structure may provide an explanation for the wide range of molecular interactions affected by these proteins. In addition, in some instances the generic HMG-1/-2 proteins can replace sequence-specific DNA-binding proteins (93) , and even the sequence-specific HMG-1 domains are interchangeable (39) . At the same time, each of the HMG-1 domains found in the HMG-1/-2 proteins binds to DNA in a characteristic way (124) , and many of the interactions involving the HMG-1 domain are highly specific. For example HMG-1 binds to the homeobox of HOXD9 but not to that of HOXD8 (125) , which interacts with TATA-binding protein in a tissuespecific fashion (97) , and stimulates the DNA binding of steroid receptors without affecting other nuclear receptors such as VDR or RAR (retinoic acid receptor) (11) .
In addition, HMG-1/-2 proteins stimulate overall transcription from chromatin templates (see reference 14 for references). The stimulation could be due to some change in the overall structure of chromatin, perhaps mediated by the negatively charged C terminus (1), or as illustrated above, by affecting the activity of a specific transcription factor.
The AT hook motifs facilitate the function of proteins that bind to DNA in either a sequence-specific or -nonspecific manner. The AT hook motif serves as the predominant functional motif of the archetypal HMG-I/Y (and HMGI-C) proteins and is also found embedded in numerous nuclear proteins (3). Many of these nonarchetypal AT hook proteins contain additional domains related to proteins that are involved in chromatin functions, such as the globular region of histone H1, histone acetylase, and subunits of the chromatin remodeling complexes (3). In these proteins, the AT hook may serve as a contact which affects the specificity and affinity of the DNAbinding protein.
Although some sequence specificity is present in the AT hook itself, the main function of this motif is to anchor the proteins to the minor groove of the DNA, near sequences targeted by other regions of the AT hook proteins. Thus, similarly to the HMG-1 domain, a common denominator of the mechanism of action of the sequence-specific proteins and the archetypal AT hook proteins is the combined action of a module that recognizes a specific DNA sequence and a module that changes the conformation of the DNA (Fig. 2) .
The archetypal HMG-I/Y proteins are involved in several types of nuclear functions. Thus, HMG-I/Y proteins seem to be major structural elements of metaphase chromosomes, involved in the formation of the classic chromosomal banding pattern (90) . Indeed, expression of a synthetic protein containing multiple AT hooks blocks mitotic chromosome assembly and, if properly targeted, suppresses position effect variegation of specific genes (42, 46) . Likewise, by displacing histone H1 from scaffold-associated regions, the HMG-I/Y may antagonize the H1-mediated general repression of transcription (126) . By interfering with the binding of homoedomain proteins they may affect embryonic development (4). The HMG-I/Y proteins also function as general host factors necessary for the formation of human immunodeficiency virus type 1 and Moloney murine leukemia virus preintegration complexes (32, 67) .
In addition, the HMG-I/Y proteins modulate the expression of specific genes such as the inducible form of nitric oxide synthase (80), tumor necrosis factor beta, IFN-␤, interleukin 2 receptor ␣, E-selectin, interleukin 4, human GP91-PHOX, ε-immunoglobulin G (see reference 14 for references), and T-cell receptor alpha (6) HMG-I/Y/C proteins are preferentially expressed in early development. Disregulation of their expression is associated with alteration in cellular growth and differentiation (14, 37, 38, 127) . Lack of HMGI-C protein expression leads to the mouse pygmy phenotype (128) . HMG-I/Y/C expression is significantly upregulated in many types of cancer (14, 16, 43, 127) , leading to the suggestion that elevated levels of these proteins can be used as a diagnostic feature for transformed cells. Especially striking is the correlation between rearrangement in the chromosomal region containing the HMGI-C gene, and to a lesser degree the HMG-I/Y gene, and very common benign mesenchymal tumors, such as lipomas, uterine liomas, and endometrial polyps (5, 56-58, 102, 127) . In some cases these translocations fuse the AT hook to novel transcription regulatory domains, leading to DNA mistargeting (5). Although it is not clear whether the rearrangements in the HMG-I/Y/C gene are primary or secondary events in the etiology of these benign cancers, it is generally accepted that the upregulated expression of these genes is an important factor in this process (102, 114) . The widespread involvement of the AT hook motif in many types of cancers makes this motif and its binding site a potential target for anticancer drugs (43, 51) .
HMG-14/-17 proteins decompact chromatin. The nucleosomal binding domain motif may facilitate the binding of HMG-14/-17 variants, such as Trip7 (64) , to chromatin subunits. In the HMG-14/-17 proteins, this motif serves as the main nucleosomal binding site. HMG-14/-17 proteins enhance transcription and replication but only from chromatin and not from DNA templates (22, 26, 27, 79, 103, 104, 106, 110) . Thus, the proteins act as modifiers of the chromatin structure rather than polymerase-specific factors. The enhancement of the DNAdependent activities is associated with a decompaction of the nucleosome array in the chromatin fiber (26, 104, 106, 110) . Both transcriptional activation and chromatin decompaction are mediated by the negatively charged C-terminal domain of HMG-14/-17 proteins (26, 106) . The isolated nucleosomal binding domain or mutants lacking the C-terminal domain inhibit transcription and fail to decompact chromatin. Specific displacement of HMG-14/-17 from chromatin by incubation with the nucleosomal binding domain inhibits transcription both in vitro (106) and in vivo (50) . The carboxy-terminal domain forms specific contacts with the amino-terminal tail of histone H3, near the lysine residues which serve as targets for histone acetyltransferases (105) . In fact, the presence of HMG-14/-17 inhibits the PCAF-mediated acetylation of H3 (47) . Trypsinized nucleosome cores, lacking the amino-terminal tails of the core histones, interact poorly with HMG-14/-17 (21) . The nucleosomal footprint of HMG-14/-17 partially overlaps with that of histone H1 (2), and HMG-14 relieves the H1-mediated transcriptional inhibition and compaction of simian virus 40 minichromosomes (26) . Thus, HMG-14/-17 proteins decompact chromatin by targeting the two main elements known to be involved in chromatin compaction: histone H1 and the amino termini of the core histones. These interactions may weaken internucleosomal contacts mediated by the amino termini of the histone cores or perhaps change the entry or exit angle of the nucleosomal DNA which is affected by the presence of histone H1 (9) . These two modes of action are not mutually exclusive, in fact they could act synergistically.
In chromatin, nucleosomes containing HMG-17 are clustered into domains which on the average consist of six contiguous nucleosomes (Fig. 3) (85) . Thus, the conformational changes induced by HMG-14/-17 may be spread over a long stretch of oligonucleosomes and are not confined to the vicinity of a single nucleosome. The mechanism whereby HMG-14/-17 proteins are incorporated into chromatin are not fully understood. In some cases it is possible that these proteins are assembled into nascent chromatin during replication (15) . However, recent results suggest that these nucleosomal binding proteins are not always associated with chromatin (49) and that their intranuclear location is dependent on transcriptional activity. In actively transcribing cells the proteins are distributed throughout the nucleus in numerous foci, while in transcriptionaly quiescent cells the proteins relocate and accumulate in or near clusters of interchromatin granulae (50) . In this scenario, the HMG-14/-17 proteins are actively recruited, by a mechanism yet to be determined, to sites of transcription. Thus, HMG-14/-17 may be incorporated into preassembled chromatin. An attractive but yet-untested possibility is that nucleosome remodeling complexes (120) play a role in this process. The nucleosomal binding domain anchors the proteins to nucleosomes, and the carboxy-terminal domain interacts with the amino termini of the core histones and perhaps with histone H1. These interactions reduce chromatin compaction and provide increased access of various factors to the nucleosome, i.e., to the primary level of DNA packing in chromatin.
The interaction of HMG-14/-17 proteins with nucleosome core particles stabilizes the structure of the nucleosome subunit (see reference 14 for references), a situation which is inconsistent with enhancement of transcription or replication. It is possible that in the larger context of chromatin these proteins do not stabilize the structure of the chromatin subunit. Alternatively, posttranslational modifications may weaken the interaction of the proteins with nucleosome cores and dissociate the proteins from chromatin (47) . Conceivably, the dynamic interaction of HMG-14/-17 with chromatin proceeds in several steps. In the first step the proteins are recruited to specific sites, in the second step they bind to nucleosomes and unfold the higher-order chromatin structure, and in the third step they are modified and dissociate from chromatin.
ARE HMG CHROMOSOMAL PROTEINS A SPECIFIC CLASS OF NUCLEAR PROTEINS?
The HMG motifs are found in numerous nuclear proteins; however, on a quantitative basis, most of these domains are present in the archetypal HMG proteins. These chromosomal proteins have been grouped into a specific class of nonhistone proteins based on their ubiquitous distribution in the nuclei of all higher eukaryotes, on their association with isolated chromatin, on common physical properties (54) , and on the observation that all these proteins act as architectural elements that affect DNA-related activities, supposedly in the context of chromatin (14) . These proteins are also similar in that their carboxy-terminal regions contain significantly more negative charges than the amino-terminal regions. Even the transcripts coding for the proteins are similar in that all contain long, AT-rich 3Ј untranslated regions, perhaps indicative of similarity in posttranscriptional regulation of protein levels. However, FIG. 3 . Model of the organization of HMG-17 in chromatin. Nucleosomes containing two molecules of HMG-17 (pink) are clustered into a domain whose average size is six contiguous nucleosomes. In this domain the entry-exit angles of the linker DNA are altered (double-headed arrow) and the higher-order structure of the chromatin is unfolded. HMG-17 may unfold the higher-order structure by interacting with the amino termini of the core histone, with histone H1, or with both. The structure of the 30-nm chromatin fiber is not known. The model presented was inspired by cryoelectron microscope studies, which suggested a zigzag organization of nucleosomes in the 30-nm fiber (9) . However, it is equally possible that the 30-nm chromatin fiber has a solenoidal structure (34) . The effect of HMG-14/-17 on the higher-order chromatin structure is the same for both the zigzag and solenoid organizations of nucleosomes.
in view of the structural and functional specificity of the motifs characteristic of the three HMG subfamilies, it is important to reexamine whether these proteins should indeed be considered a specific family of nonhistones.
Unique proteins and specific functions. As elaborated in the previous sections, each of the HMG families has a unique functional motif, induces specific changes in their target binding sites, and performs unique and distinguishable cellular functions. HMG-14/-17 proteins target the nucleosome and act by modifying the higher-order chromatin structure. Preliminary studies with chimeric mice suggest that the converse may also be true; i.e., HMGI-C may not be able to compensate for a reduction in the amount of HMG-I/Y protein (35a). Thus, the archetypal proteins have specific functions and participate in a diverse range of nuclear activities.
Common targets for HMG proteins. In spite of the abovementioned differences between the various HMG proteins, there are certain similarities in their target binding sites, and all may affect the binding of the linker histone H1 to chromatin. All the HMG proteins and histone H1 preferentially target AT-rich sequences. The HMG-1 domain and the AT hook are two of only four known examples of protein motifs that bind to and deform the DNA by interacting with the minor groove (51) . Likewise, several basic motifs in the termini of histone H1 also seem to interact strongly with the AT-rich region in the minor groove of the DNA (18) . HMG-1/-2 and HMG-I/Y compete among themselves and with histone H1 for binding to certain distorted DNA structures, such as four-way junctions or cis-platinum-modified DNA (48, 122) , and HMG-I/Y competes with H1 for binding to the AT-rich nuclear matrix elements (126) . The contacts of HMG-14 and HMG-17 in the major grooves flanking the nucleosomal dyad axis partially overlap those of histone H1 (2, 111) , and HMG-14 enhances polymerase II-dependent transcriptional elongation by counteracting the repressive activities of histone H1 (26) . In the linker region between adjacent cores, the H1 contacts partially overlap those of HMG-1/-2 proteins. An inverse quantitative relation between HMG-1 and histone H1 during Xenopus laevis (25, 77) and Drosophila melanogaster (75) development, which correlates with a switch in the rate of transcription, has also been reported. Although this correlation has not been observed in mouse embryonic development (95) , results from several laboratories suggest an interplay between HMG-1/-2 and histone H1 (77, 116, 129) . Thus, a common chromatin target for all HMG proteins could involve some structural aspect linked to histone H1.
Are HMG proteins intrinsically associated with chromatin?
Because HMG proteins were found associated with purified chromatin preparations they were considered to be a special class of nonhistone proteins, whose interaction with chromatin is more stable and permanent than that of regulatory factors that bind only transiently to chromatin (14, 54) . Indeed, HMG-14/-17 proteins bind to isolated nucleosome cores, and HMG-I/Y may be an important structural element of metaphase chromosomes. However, by definition, HMG proteins can be extracted from chromatin and nuclei with 0.35 M NaCl; this ionic strength is very close to that used to prepare nuclear extracts enriched in transcription, replication, or other regulatory factors. In fact HMG-14/-17, the only nuclear proteins that specifically interact with the nucleosome core particle, migrate and redistribute among nucleosomes at significantly lower ionic strength (62) . Chromatin is often isolated at a low ionic strength, conditions which may lead to nonspecific adsorption of nuclear proteins to the nucleohistone fiber. It is likely that originally the highly charged HMG proteins were found in chromatin simply because they are relatively abundant and therefore easier to detect. Indeed, more sensitive staining techniques reveal that most chromatin preparations contain numerous nonhistone proteins. In many respects the intranuclear organization of the HMG proteins is similar to that of many other nonhistone nuclear proteins. Both the HMG-14/-17 class (49) and the HMG-1/-2 class (30, 52) transiently dissociate from chromatin during mitosis and are not found in mitotic chromosomes. Like most nuclear proteins, HMG-14/-17 proteins reenter the nucleus by facilitated transport, only after the formation of the nuclear membrane (49) . A nuclear localization signal has also been experimentally defined in HMG-2 (94), and nuclear entry of HMG-1 requires a dephosphorylation step (115) . In some cells a significant portion of HMG-1/-2 remains in the cytoplasm throughout the cell cycle (13) . Furthermore, recent results suggesting that the intranuclear organization of HMG-14/-17 is dependent on transcriptional activity (50) raise the possibility that the proteins are actively recruited to transcription sites and are not permanently associated with chromatin. Likewise, even though the HMG-I/Y proteins seem to be a structural element of the metaphase chromosome, these proteins are actively recruited to the enhancer region of specific genes (100). Thus, the intranuclear organization of at least part of the HMG proteins is dynamic rather than static, and not all the molecular species are always associated with chromatin.
Flexible modules in multiprotein complexes. Recent studies on the mechanisms of action of the archetypal HMG proteins raise the possibility that all of them function as modular units in the context of multiprotein complexes. As illustrated in Fig.  2 , there are several mechanisms whereby either HMG-1/-2 or HMG-I/Y could be recruited by other components to affect the local DNA or chromatin conformation at specific target sites. Likewise, the finding that the nuclear organization of HMG-14/-17 is dynamic raises the possibility that these HMG proteins are recruited by components of the transcription or replication complex to unfold chromatin at specific sites. In this respect, the HMG proteins resemble other regulatory factors, which also function in the context of dynamic multiprotein complexes. As already pointed out by others (23, 65, 101) , the composition of these complexes could be governed by the specificity of the DNA binding site and by the physiologic status of a cell. The final specificity and affinity of these regulatory complexes are the result of multiple protein-protein and protein-DNA interactions, each of which occurs with relatively low specificity and affinity. Often, the specificity of the interaction between the various components of the multiprotein complexes is determined by only a few amino acid side chains (23) . Thus, in spite of a high degree of sequence conservation, the HMG proteins could specifically interact with both tissuespecific regulatory factors and components of the basal transcription or replication machinery. In fact, the high degree of sequence conservation may be indicative of a requirement to form multiple complementary interactions in many types of multiprotein complexes. In these complexes, the HMG proteins are the functional module necessary for inducing specific changes in the conformation of the targeted binding site.
SUMMARY AND PERSPECTIVE
The prevalence of the three HMG functional motifs among DNA-binding proteins and the abundance of the HMG proteins in the nucleus suggest that these motifs play a major role in facilitating the orderly progression of many DNA-related activities. Aberrant expression of HMG proteins or of the functional HMG motifs may alter the cellular phenotype and is associated with the etiology of certain cancers. On a quantitative basis most of these motifs are found in the archetypal HMG proteins. This set of nuclear proteins has been classed as a specific family based on common physical characteristics. In fact, each HMG subfamily is a distinct set of proteins with identifiable structural characteristics and a specific type of targets. Each subfamily induces characteristic changes in the structure of its binding site. Recent results suggest that a common mechanistic feature of all the HMG proteins is their ability to function as flexible modules in the context of many types of multiprotein complexes. If this is indeed true, quantitative changes in these proteins could be expected to have pleiotropic effects and to affect many cellular activities. Thus, an important future direction is to elucidate the mechanisms whereby these proteins are recruited into the various complexes. Conceivably, the archetypal HMG proteins could even influence the activity of sequence-specific DNA-binding proteins containing functional motifs related to the HMG proteins. As a group, the HMG proteins seem to affect many types of DNA-related activities, in both a sequence-dependent and -independent fashion. An important future goal is to determine which of the effects observed in the various test systems are truly biologically significant. In the nucleus of the cell, most of the DNA-related activities occur in the context of chromatin. The data available suggest a functional interplay between the linker histone H1 and the HMG proteins. It is necessary to understand how these proteins, and their related functional motifs, bind to their targets and modify the conformation of their binding sites in the context of chromatin.
